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ABSTRACT 
This report summarizes the accomplishments on a program to develop 
improved test techniques and procedures for performing radiated measure-
ments in shielded enclosures which can be correlated with measurements 
made in the open-field. 
A set of three short hooded probe antennas to cover the 1 to 12 GHz 
frequency range were developed and evaluated. Results from this program 
indicate that reliable radiated measurements, which can be correlated 
with open-field measurements, can be made in shielded enclosures with 
short hooded probe antennas over the 200 MHz to 12 GHz frequency range. 
Coupling nulls were observed in shielded enclosures in the frequency 
range from 10 to 100 MHz. The presence of these nulls could not be ex-
plained on the basis of cavity resonances or multi-path reflections from 
the enclosure walls since the dimensions on the enclosures were quite 
small in terms of wavelengths. It was concluded that a different coupl-
ing mechanism must be responsible for the existance of these coupling 
nulls. A theory was developed to explain the nulls in terms of near-
field coupling between the radiating source and the enclosure walls 
and between the enclosure walls and the probe antenna. The results 
from extensive experimental measurements supported the validity of 
this theory. The coupling nulls were essentially eliminated by iso-
lating the probe antenna from the enclosure walls. 
While it was concluded that radiated measurements performed in 
shielded enclosures over the 14 kHz to 20 MHz frequency range yielded 
essentially, the same results as equivalent measurements performed in 
the open-field, there is considerable question as to the value of 
measurement results obtained in either location over this frequency 
range where the probe antenna is in the very near-field of the unit 
under test. This investigation also re-emphasized the need for more 




This report was prepared at the Georgia Tech Engineering Experi-
ment Station on Contract No. DAAB07-68-C-0189. The work covered by 
this report was performed within the Electronics Division under the 
suprevision of Mr. D. W. Robertson, Head of the Communications Branch. 
The report covers the activities and results of a fifteen month effort 
on a project to develop improved test setups, procedures and equipment 
for measurement of radiated emission and susceptibility characteristics 
of military communication - electronic equipment in shielded enclosures. 
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I. FACTUAL DATA 
A. Introduction  
1. Purpose and Objectives of the Program 
This report covers the work performed under contract DAAB07- 
68-C-0189 for the period from 1 February 1968 to 31 May 1969. 
The purpose of this program was to conduct theoretical and experi-
mental investigations directed toward the development of improved test 
setups, procedures and equipment for the measurement of radiated emission 
and susceptibility characteristics of military communication - electronic 
equipment. These measurements are to be made within shielded enclosures, 
in the near-field of the equipment under test and at frequencies at 
which RF absorbers are not economically feasible, and where present 
hooded antennas are not effective. 
The primary objectives of the program were (1) the development 
of techniques for measuring radiated interference and susceptibility 
characteristics in shielded enclosures over the frequency range from 
20 to 200 MHz, (2) an investigation to determine the availability of 
broadband, balanced, electric-field antennas suitable for radiated 
emission and susceptibility measurements in shielded enclosures over 
the frequency range from 14 kHz to 200 MHz and (3) the development of 
broadband hooded antennas which minimize the narrowing effect of the 
hood on the antenna field pattern. 
2. Background  
Present techniques for case and cable emission and suscep-
tibility measurements are seriously inadequate, and need to be improved 
to assure repeatability and correlation between measurement data taken 
at different times and/or different locations. If these measurements 
are made in the "open-field", strong man-made and atmospheric back-
ground interference make measurements difficult and often impossible. 
If the measurements are made in a shielded enclosure to avoid the 
environmental interference, standing waves and enclosure resonances 
make the measurements highly susceptible to minor variations in 
equipment placement, enclosure dimensions, and personnel location. 
A typical measurement setup in a shielded enclosure is shown in 
Figure 1. The diagram shows some of the multiple signal paths which 
exist with this measurement configuration. Extensive measurement pro- 
grams were conducted on previous research efforts
1,2 
to determine the 
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Figure 1. Diagram of a Conventional Measurement Setup in a Shielded 
Enclosure Showing Multiple Signal Paths. 
magnitude and nature of the effects of shielded enclosures on radiated 
measurements. Measurements were made to determine the effects of a 
shielded enclosure on the coupling between two antennas (a) at a fixed 
separation as a function of frequency, (b) at a fixed frequency as a 
function of separation and (c) as a function of the location of the 
test setup within the shielded enclosure. 
A curve showing the coupling between two antennas spaced 1 meter 
apart in an 8 x 8 x 20 foot shielded enclosure over the frequency range 
from 1 MHz to 1 GHz is shown in Figure 2. This curve has been normalized 
with respect to an open-field coupling curve to remove the coupling 
variations due to the antenna characteristics, and hence, all coupling 
variations shown in the normalized coupling curve result from the pre-
sence of the shielded enclosure walls. The results indicate that coupling 
variations in the order of ±40 dB are possible as a function of frequency 
of operation. Similar results were obtained as a function of separation 
between the two antennas at 615 and 930 MHz and are shown in Figure 3. 
It is obvious that measurements made under these conditions are of little 
value and the possibility of correlating these measurements with measure-
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Figure 3. Coupling Between Antennas in a Shielded Enclosure as a 
Function of Spacing. 
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A number of techniques for reducing multipath reflections within 
shielded enclosures were investigated on previous programs under Con-
tracts Nos. DA 36-039 AMC-02294(E) and DA 28-043 AMC-02381(E). As a 
result of these programs, a hooded antenna measurement technique was 
developed. A diagram showing a typical hooded antenna measurement 
setup in a shielded enclosure is shown in Figure 4. A number of 
possible signal paths are shown in the shielded enclosure, but as 
illustrated, only that signal traveling the desired path reaches the 
shielded probe antenna. Results from evaluations of the hooded 
antenna technique over the frequency range from 200 MHz to 10 GHz 
indicate that this technique is capable of reducing the multipath 
reflections in shielded enclosures to a level comparable with the 
reflections normally encountered in open-field measurements. 
To substantiate these results, the coupling between two antennas 
was measured for a spacing of one meter in an 8 x 8 x 20 foot shielded 
enclosure over the frequency range of 1 MHz to 10 GHz. Conventional 
dipole probe antennas were used as the receiving antennas over the 
range from 1 to 200 MHz, and hooded probe antennas were used over the 
200 MHz to 10 GHz range. 
The results of these measurements are shown in Figure 5. The 
shielded enclosure coupling curve shown in the figure has been normal-
ized with respect to the coupling curve obtained in the open-field. 
The curve shows that the measurement results obtained in the enclo-
sure over the frequency range from 1 to 30 MHz are approximately 
2 to 3 dB lower than the results obtained in the open-field. In 
the range from 20 to 200 MHz, the curve indicates that the enclo-
sure results deviate as much as ±40 dB from the open-field results. 
From 200 MHz to 10 GHz, using the hooded antenna technique, it is 
seen that the enclosure results remain within 2 to 3 dB of the open-
field results. It is apparent from Figure 5 that the 20 to 200 MHz 
range is the remaining area requiring improved measurement techniques. 
B. Study of Near-Field Measurement Problems  
1. General  
At low frequencies, where the shielded enclosure dimensions 
and probe antenna spacings are small relative to the wavelengths 
involved, the coupling between the equipment under test and the probe 
antenna becomes much more complicated and includes additional com-
ponents of the more complex near-field. The behavior of these near-
field components in the shielded enclosure is not well understood, 
and there is a very limited amount of information on this subject 
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Figure 5. Coupling Between Antennas in a Shielded Enclosure at 1 







to be anticipated in this frequency range, a series of experimental 
measurements were made on the previous programs. The measurements 
were made over the frequency range of 1 to 150 MHz, both on and off 
the axis of a shielded enclosure for different source antenna loca-
tions. The test setup used in making these measurements consisted 
of two "identical" bow-tie antennas, 30 inches long, with a 45 degree 
flare angle. The off-axis setup differed from the on-axis setup in 
that both antennas were located two feet off-axis toward a sidewall. 
Typical results from these measurements (for 30 MHz and 50 MHz) 
are shown in Figures 6 and 7. From Figure 6, it is apparent that at 
30 MHz the coupling nulls occur well beyond a one-meter separation 
between the antennas and out to a one-meter spacing there is good 
correlation between all the coupling curves obtained in the shielded 
enclosure and the open-field coupling curve. This was true for all 
test frequencies below 30 MHz. Figure 7 shows that at 50 MHz, the 
coupling nulls occur within a one-meter spacing from the radiating 
source and there is no correlation between the various coupling curves 
obtained in the shielded enclosure and the open-field coupling curve 
over the spacing range from 12 to 40 inches from the radiating source. 
This condition was apparent at all test frequencies above 50 MHz. On 
the basis of the results from these experimental measurements, it was 
concluded that additional investigation was needed to develop a measure-
ment technique which will make it possible to make reliable, repeatable 
measurements in shielded enclosures over the frequency range from 20 
to 200 MHz. 
On the previous programs, no satisfactory explanation was developed 
for the presence of sharp coupling nulls in shielded enclosures at low 
frequencies. Several attempts were made to explain these nulls on the 
basis of simple cancellation and addition of waves reflected from the 
enclosure walls. However, since the transmission path lengths within 
the shielded enclosure, both direct and reflected, were small fractions 
of a wavelength at the lower frequencies, it was not possible to justify 
the rapid phase shifts necessary to obtain the observed sharp coupling 
nulls and hence these attempts were unsuccessful. 
2. A Near-Field Coupling Hypothesis  
In order to assure that the measurement problem was approached 
in the most direct and efficient manner, it was considered necessary 
that the mechanism causing the problem be defined and understood. Hence, 
the attempt to explain the sharp coupling nulls in close proximity to 
the radiating source was continued. 
With the normal multi-path reflections from the walls eliminated 
as the cause, it was hypothesized that the nulls must be caused by 
components of the near-fields of the two antennas. The near-fields 
6 
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The near-field patterns of these components are shown in Figure 8. 
From (1) and (2) it is apparent that E
0 
 and H are both proportional. 
to sin 9 and hence the solid pattern in Figure 8 applies to both the 
	
E and H terms. This pattern is independent of 	so that the space 
pattern is doughnut-shaped, and is a figure of revolution of the pattern 
about the axis of the dipole. For the E
0 
and H components, the near- 
field patterns are the same as the far-field patterns, being propor-
tional to sin 9. However, the near-field pattern for E r is proportional 
to cos 9 as indicated by the dashed pattern in Figure 8. The space 
pattern for E
r 
is a figure of revolution of this pattern around the 
dipole axis, and hence, the maximum intensities of the E field occur 
on the axis of the dipole. 
A diagram of a two-dipole measurement setup in a shielded enclosure 
is shown in Figure 9. If it is assumed that there is an appreciable Er 
 field off the ends of the radiating dipole, it is apparent from the 
figure that a significant E r field will be incident on and perpendicular 
to the enclosure side walls adjacent to the ends of the radiating dipole. 
In a similar manner, the receiving dipole will exhibit maximum response 
to these fields and energy can be coupled into the antenna. Thus three 
coupling paths between the two dipole antennas in a shielded enclosure 
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Figure 9. Diagram Showing Three Primary Coupling Paths Between Two 
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represent the path along the two 
side walls. If it is assumed that the E
r 
field experiences a 90 degree 
phase shift coupling from the radiating antenna to the wall and from the 
wall to the receiving antenna, and also, that the velocity of propagation 
along each side wall is equal to the velocity of propagation of the direct 
radiation so that each phase shift is the same for the three propagation 
paths, it is apparent from the figure that P(0 2 and P(t)
3 
arrive at the 
receiving antenna 180 degrees with respect to P(0 1 independent of the 
spacing between the two dipoles. 
A set of postulated signal levels obtained from the three signal 
paths are shown in Figure 10. The solid curve depicts the direct couplirg 
between the antennas as a function of spacing between the two dipoles. 
As shown in the curve, this coupling decreases quite rapidly (approx-
imately 18 dB per octave of distance) at small spacings due to the 
near-field coupling between the antennas. The dashed curve represents 
the sum of the two side wall couplings. The side wall coupling can be 
expected to decrease with range at a lower rate than the near-field 
direct path coupling, P(i) 1 . Since the spacings between the ends of 
the dipoles and the side walls (near-field couplings) do not change as 
the spacing between the dipoles is varied, the side wall coupling is 
far less sensitive to dipole spacing than the direct coupling path. 
The solid-dash curve depicts the summation of all the coupled signals, 
- 30— 
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Figure 10. Diagram of Theoretical Coupling Null in a Shielded 
Enclosure. 




noting that P(0 2 and P(0 3 are 180 degrees out of phase with PO)
1
. 
Note that at a spacing of 10 inches, the signal contribution from the 
side walls is approximately 50 dB below the direct signal and has very 
little effect on the overall coupling curve. However, as the spacing 
is increased, the direct coupling rapidly approaches the side wall 
coupling and the side wall contribution significantly reduces the over-
all coupling. For the example shown in Figure 10 at a spacing of 
slightly over 100 inches, the magnitudes of the direct signal and the 
side wall signal are equal and a null is obtained in the overall coupl-
ing. If the side wall signals were exactly 180 degrees with respect to 
the direct signal, the depth of this null would be infinite. Thus the 
depth of the null is apparently an indication of the phase relationship 
between the two signals. Referring to the measured coupling curves in 
Figures 6 and 7, the depth of the deep null in Figure 6 was established 
by the limitations of the instrumentation system indicating that the 
phase relationship between the two signals was very nearly 180 degrees 
at 30 MHz. The bottom of the deepest null in Figure 7 is approximately 
40 dB above the lower limit of the instrumentation system, indicating 
that the phase relationship between the two signals at 50 MHz is not 
exactly 180 degrees. 
Some preliminary measurements were made in an attempt to validate 
the E side wall coupling theory. The lengths of the dipole antennas 
increased and it was found that this caused the coupling nulls 
to occur at smaller spacings between the antennas. These results 
support the theory, for increasing the antenna lengths increases the 
coupling between the ends of the antennas and the side walls, increases 
the level of the side wall coupling curve, causes the direct and side 
wall coupling curves to intersect at smaller spacings and hence results 
in the coupling nulls occurring at smaller spacings between antennas. 
Reducing the lengths of the dipole antennas caused the coupling nulls 
to occur at larger spacings. It had previously been observed that 
increasing the frequency of operation caused the nulls to occur at 
shorter spacings and decreasing the frequency caused the nulls to 
occur at greater spacings, which also supports the theory. 
The E
r 
side wall coupling theory not only explains the existence 
of coupling nulls in shielded enclosures at low frequencies, but it 
explains other phenomena observed in measured data. For example, the 
theory explains why good correlation was obtained between open-field 
and enclosure measurements at a spacing of 12 inches at all frequencies 
below 100 MHz. 
3. Near-Field Coupling Measurements  
A series of experimental measurements were performed to deter-
mine the relative end-to-end and boresight couplings between two bow-tie 
11 
antennas at spacings where the coupling is primarily near-field. The 
objectives of this study were to further substantiate the side wall 
coupling theory and to define the spacings between the end of the probe 
antenna and the enclosure walls necessary to eliminate the side wall 
coupling. Diagrams depicting the measurement setups used to perform 
the experimental measurements are shown in Figure 11. The upper dia-
gram shows the setup used for the boresight coupling measurements. Two 
30-inch bow-tie antennas with a 45-degree flare angle were operated as 
horizontal dipoles and they were aligned so that they were at the same 
height and each was boresighted on the other. The spacing between the 
antennas was defined as the distance between the two planes containing 
the two bow-tie antennas. The lower diagram shows the measurement set-
up used for the end-to-end coupling measurements. The bow-tie antennas 
were again operated as horizontal dipoles at the same height, but they 
were aligned so that they were both contained in the same plane. This 
resulted in the primary coupling between the two antennas being end-to-
end. The spacing between the two antennas was defined as the distance 
between the adjacent antenna ends as shown in the diagram. Photographs 
of the actual measurement setups are shown in Figure 12. The upper 
photograph shows the end-to-end coupling setup. One antenna is mounted 
on a movable cart which runs on a calibrated track. This arrangement 
makes it possible to conveniently vary the spacing between the antennas 
from 0 to 100 inches. The equivalent setup for the boresight coupling 
measurements is shown in the lower photograph. 
Utilizing these measurement setups, boresight and end-to-end 
coupling measurements as a function of spacing between antennas were 
made on an outdoor range at eight frequencies in the range from 10 to 
100 MHz. The results from these measurements are plotted in Figures 
13-20. Figure 13 shows the end-to-end and boresight coupling as the 
spacing between antennas was varied from 0 to 100 inches. It is apparent 
from the figure that the end-to-end and boresight couplings are equal at 
a spacing of approximately 60 inches and in the range from 60 to 100 
inches the end-to-end coupling exceeds the boresight coupling. Figure 
14 shows that at 25 MHz, the couplings are equal at approximately 42 
inches and in the range from 50 to 100 inches, the end-to-end coupling 
is significantly greater than the boresight coupling. At 30 MHz, 
Figure 15 indicates that the couplings are equal at 35 inches, and again, 
in the 50 to 100 inch range the end-to-end coupling is significantly 
greater than the boresight coupling. Figure 16 shows that the coupling 
curves intersect twice at 40 MHz, at approximately 33 inches and again 
at approximately 63 inches. In the range from 33 to 63 inches, the 
two couplings are approximately equal and above and below this range, the 
boresight coupling exceeds the end-to-end coupling. Figure 17 indicates 
a similar situation at 50 MHz with the two intersections occurring at 
approximately 23 and 53 inches. At 62 MHz, Figure 18 indicates that the 
two coupling curves approach each other in the range from 15 to 30 inches 
but never intersect and the boresight coupling is always greater than the 
end-to-end coupling. Figures 19 and 20 indicate that at 70 and 100 MHz 
the boresight coupling is always greater than the end-to-end coupling and 
that the coupling curves diverge with increased spacing. 
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Figure 16. Boresight and End-To-End Coupling Between Two Bow-Tie 
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Figure 18. Boresight and End-To-End Coupling Between Two Bow-Tie 
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Figure 20. Boresight and End-To-End Coupling Between Two Bow-Tie 
Antennas as a Function of Spacing at 100 MHz. 
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On the basis of these measured data it was concluded that it is 
definitely possible to obtain equivalent boresight and end-to-end 
couplings between antennas in the near-field. In addition, it is 
apparent from Figures 13-17 that it is not necessary that the end-to-
end spacing be less than the boresight spacing in order to get equi-
valent couplings. At 25 and 30 MHz, it appears possible to obtain 
equivalent couplings when the end-to-end spacing is significantly 
greater than the boresight spacing. 
While these data demonstrate the possibility of obtaining coupl-
ing nulls in a shielded enclosure in the frequency range from 10 to 
100 MHz, it is not possible to predict the location of the nulls as 
a function of the spacing between the ends of the antennas and the 
enclosure walls because the measured end-to-end coupling data do not 
include the effect of the enclosure wall on the coupling. 
In order to obtain more realistic antenna coupling data and a 
measurement of the relative phase of the end coupled and boresight 
coupled signals, additional measurements were made utilizing the mea-
surement setups depicted in the diagrams shown in Figure 21. The 
upper diagram shows the measurement setup used to measure the magni-
tude of the side wall coupling as a function of the spacing of the 
ends of the antennas from the enclosure wall. The two bow-tie antennas 
were positioned as shown in the diagram at an outside corner of a 
shielded enclosure. This arrangement minimized the boresight coupling 
due to the fact that the antennas were in quadrature with respect to 
each other and the corner of the enclosure provided shielding between 
the antennas. On the other hand, the side wall coupling was preserved, 
since one end of each antenna is in close proximity to a continuous 
enclosure wall. Each bow-tie antenna was positioned 48 inches above 
the floor and 121 inches from the corner of the enclosure. This pro-
vides a 25-inch total wall path distance which was considered average 
for the nulls of interest. 
The lower diagram in Figure 21 shows the measurement setup used 
to measure the phase of the wall coupled signal relative to the bore-
sight coupled signal. This measurement setup was used because it 
afforded considerably more isolation from the boresight coupling and 
for the phase measurement, the magnitude of the coupling was of no 
interest. 
Photographs of the actual measurement setups are shown in Figure 
22. The upper photograph shows the measurement setup at the corner 
of an enclosure and the lower photograph shows the phase measurement 
setup with the antennas on opposite sides of the enclosure. 
The two bow-tie antennas were spaced 100 inches apart and bore-
sighted. A signal generator tuned to 50 MHz was connected to one 
antenna and a Vector Voltmeter was connected to the other antenna. 
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Figure 22. Two Views of Antenna End-To-Wall Coupling Measurement 
Setups. 
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The phase of the received signal was measured on the vector voltmeter. 
The antennas were then positioned on opposite sides of an enclosure as 
shown in the lower photograph of Figure 22. The antennas were positioned 
so that the spacing between the ends of the antennas was 100 inches. The 
phase of the received signal was again measured with the vector voltmeter. 
The relative phase of the boresight coupled signal and the wall coupled 
signal was determined to be 175 degrees. This result supports the assump-
tion in the side wall coupling theory that the two signals are approxi-
mately 180 degrees out of phase. This result also supports the discussion 
in the last section that the relatively shallow null at 50 MHz indicates 
that the phase relationship between the two signals at 50 MHz is not 
exactly 180 degrees. 
Measurements of the magnitude of the side wall coupling as a function 
of the spacing of the ends of the antennas from the enclosure wall were 
performed at 30 and 50 MHz. The two bow-tie antennas were positioned at 
the outside corner of a shielded enclosure as shown in the upper diagram 
of Figure 21 and the upper photograph of Figure 22. Measurements were 
made with the spacing between the ends of the antennas and the enclosure 
wall at 0.5, 1, 2, 4, 8, 16, 32, and 64 inches. The results of these 
measurements at 30 MHz are shown plotted in the upper curves of Figure 23. 
The boresight coupling over the spacing range of 2 to 70 inches is also 
plotted in this figure. For the boresight curve, the abscissa is the 
actual spacing between antennas as shown in the top diagram of Figure 11. 
The side wall coupling measurements described above only measure the 
coupling along one wall. For a measurement setup inside a shielded enclo-
sure where both ends of the antennas were equally spaced from the walls, 
it would be expected that the side wall coupling would be increased by a 
factor of two (or 3 dB). The original coupling curves made in a shielded 
enclosure which revealed the coupling nulls in the 10 to 100 MHz fre-
quency range were made in an 8 x 8 x 20 foot enclosure with the 30-inch 
bow-tie antennas. The 8 foot enclosure dimension and the 30-inch antenna 
length results in the ends of the antennas being approximately 32.5 inches 
from the enclosure walls for a symmetrical measurement setup in the enclo-
sure. From Figure 23, the end-to-wall-to-end coupling for a spacing of 
32.5 inches from the wall is seen to be approximately -64.5 dB. If this 
value is increased 3 dB to account for the coupling of the opposite wall, 
and the -61.5 dB coupling value is translated horizontally to intersect 
the boresight coupling curve (shown by the graphical construction lines 
on the figure) it is seen that the side wall coupling and boresight 
coupling are equal at a boresight spacing of approximately 56.5 inches. 
Hence, on the basis of the measured end-to-wall-to-end coupling data the 
null in the shielded enclosure would be predicted to occur at a spacing 
of 56.5 inches at 30 MHz. The actual measured coupling in the shielded 
enclosure at 30 MHz (shown in Figure 6), shows that the null occurs at 
55 inches. The good correlation between the predicted and actual loca-
tion of the coupling null at 30 MHz is quite encouraging and tends to 
add confidence to the side wall coupling measurement technique. 
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Figure 23. End-To-Wall-To-End Coupling Between Two Bow-Tie Antennas 
as a Function of Distance From Wall. 
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The results from the side wall coupling measurements at 50 MHz are 
shown in the lower curves of Figure 23. The predicted location of the 
coupling null at 50 MHz is seen to be 36 inches. Figure 7 shows that 
the measured coupling null occurs at approximately 25 inches. A signi- 
ficant difference between the predicted and actual location of the coupl-
ing null is evident; however, examination of the coupling curves shows 
that the coupling curves are so flat in the region of interest that very 
small errors in the coupling measurements would result in several inches 
error in the predicted null location. 
4. Model Enclosure Experiments  
While the results of preliminary measurements supported the 
side wall coupling theory, it was felt that further evidence was needed 
prior to commencing the investigation of antennas with the character-
istic of low sensitivity to near-field, electric-field components 
polarized in the radial direction. An experiment was needed to test 
the concept that the side walls of the enclosure were both necessary 
and sufficient for the existance of a null in the coupling character-
istics of two horizontal dipoles in an enclosure. The results of such 
an experiment would be quite valuable in evaluating the validity of the 
near-field coupling theory and the desirability of pursuing the search 
for antenna configurations which exhibit a low near-field component 
polarized in the radial direction. 
Since the removal of the side walls of a full-size shielded enclo-
sure was impractical, a model enclosure was designed and fabricated to 
carry out the desired measurements. The model enclosure was designed 
to be a 10:1 scale model of an 8 x 8 x 20 foot shielded enclosure. 
Figures 24(A) and 24(B) show some of the details of the model enclosure. 
The back wall of the enclosure was made of metal and lined with Emerson 
and Cumings Eccosorb HPY-12 pyramidal absorbing material. The absorbing 
material was used to eliminate any reflections from the back wall. The 
ceiling and side walls were fabricated from a single piece of metal so 
that the enclosure could be used either conventionally (two side walls, 
floor, ceiling) or, by inverting the top member, could be used as an 
enclosure with no side walls. 
It was also necessary to fabricate model antennas for use in the 
model enclosure. Two 10:1 scale models were made of the 30-inch bow-tie 
antennas normally used for coupling measurements in the full-size 
shielded enclosure. Broadband balun transformers were wound on ferrite 
cores for use with the model antennas. These model bow-tie antennas 
are also shown in Figures 24(A) and 24(B). Sufficient measurements 
were made on the model antennas to assure that the patterns of Figure 8 




Figure 24. Two Views of the Model Enclosure. 
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Coupling measurements were made at 0.1 inch increments at antenna 
separation distances of 1.0 to 10.0 inches at a frequency of 400 MHz. 
The 400 MHz frequency was chosen because it was the lowest frequency 
at which reasonably good absorption could be obtained with the material 
lining the back wall of the model enclosure. The antenna closest to 
the absorber lined end wall was placed 9.3 inches from the wall to 
correspond to the 93-inch source spacing used in the full-size chamber. 
Initially the model enclosure was operated with the antennas in 
the orientation shown in Figure 25(A). It can be seen from this figure, 
that while the antennas are actually shown vertically polarized, this 
antenna configuration is equivalent to horizontal dipole antenna 
operation in an enclosure with side walls only. The near-field coupling 
theory implies that the presence of the side walls only is sufficient 
for the existance of a coupling null. 
That a coupling null does indeed exist in the presence of only the 
side walls is shown by the results of the measurements plotted in Figure 
26. The null occurs at an antenna separation distance of 4.5 inches, 
which corresponds to a separation distance of 45 inches in the full- 
size enclosure. It has previously been established
2 
that coupling 
nulls occur with the 30-inch bow-tie antennas in the full-size enclo-
sure at a separation distance of 40 inches at 37.5 MHz and 23 inches 
at 50 MHz. Since 400 MHz in the 10:1 model enclosure corresponds to 
40 MHz in the full-size enclosure, the null in the model enclosure at 
400 MHz would be expected to occur at slightly less than 4.0 inches 
if the small bow-tie antennas were perfect electrical models of the 
30-inch bow-ties. 
It is apparent from Figures 8 and 9 and the discussion of the 
near-field coupling null theory that the antenna separation distance 
required for equal tangential and radial electric field contributions 
at the receiving antenna is highly dependent on the relative amplitudes 
of the E and E
r 
fields close to the antennas. The latter is a charac- 
teristic of the antennas and may be expected to vary somewhat from 
antenna to antenna of the same design for practical antennas or for 
frequency scaled antennas. 
Having established that only the side walls of the model enclosure 
are necessary for the existance of a coupling null, it remained to be 
determined if the elimination of these side walls would eliminate the 
coupling null. In order to disturb the enclosure setup as little as 
possible in making this determination, the model bow-ties were rotated 
90 degrees and no changes were made in the enclosure. The resulting 
configuration, shown in Figure 25(B), was equivalent to having two 
horizontally polarized bow-tie antennas in an enclosure having a con-
ducting floor and ceiling but having no side walls. 
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Figure 25. Views of a Model Enclosure Equivalent to (A) Horizontal 
Dipoles in an Enclosure With Sidewalls Only and (B) 
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Figure 26. Coupling Between Two Horizontal Bow-Tie Antennas in a 
Model Enclosure as a Function of Separation at 400 MHz. 
Again the non-movable antenna was placed 9.3 inches from the back 
wall and the coupling measurements were made at 0.1 inch increments at 
separation distances of from 1.0 to 10.0 inches. The results are 
shown in Figure 26. As shown in this figure, the removal of the side 
walls resulted in the complete elimination of the coupling null. 
The open-field coupling at 400 MHz between the two model bow-tie 
antennas was determined using the experimental configuration depicted 
in Figure 27. Measurements were made at 0.5 inch increments at antenna 
spacings of from 1.0 to 10.0 inches. The resulting open-field coupling 
curve is also shown in Figure 26. Since, in the open-field, no path is 
available by which the radial field component may be coupled between the 
antennas, it is proper to view this coupling curve as the coupling 
curve of the tangential electric field component only. 
The model chamber coupling curve made with the floor and ceil-
ing, but without the side walls, agrees quite well with the open-field 
coupling between the two antennas. It should be recognized that the 
tangential electric field component was equally incident upon both the 
conducting floor and ceiling of the model enclosure as well as the 
receiving antenna. The fact that no evidence of multipath interference 
can be seen in the coupling measurements agrees with the concept that 
the coupling nulls observed at low frequencies are not due to multi-
path reflections from the enclosure walls. This is quite important 
Figure 27. The Open-Field Coupling Measurement Configuration. 
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to the design of probe antennas at low frequencies because it relaxes 
the restriction that the beamwidth of the tangential field components 
be made quite narrow, as is necessary with the higher frequency probe 
antennas. 
All available evidence supports the near-field coupling theory; it 
appears that with a horizontal dipole or bow-tie probe antenna in a 
shielded enclosure, the presence of the side walls is a necessary and 
sufficient condition to cause coupling of the near-field radially 
polarized field components and hence to cause a coupling null. The 
exact spacing at which the null will occur in the enclosure is depen-
dent on, among other things, the relative magnitudes of the radially 
and tangentially polarized electric field components set up by the 
source, and hence is unpredictable. 
5. Low-Frequency Hooded Antenna  
One possible antenna configuration having the desired character-
istic of minimum response to radially polarized fields incorporates an 
antenna hood. This is most easily seen by reference to Figure 28. Figure 
28(A) pictorially illustrates the response of a dipole probe antenna to 
the radially polarized field component, E r , in a shielded enclosure. 
The E
r 
field is incident on the enclosure side walls adjacent to the ends 
of the radiating dipole. Since E
r 
is orthogonal to the side walls, this 
field can be coupled via the surface of the walls. As the E
r 
field is 
coupled by the side walls adjacent to the ends of the probe dipole, the 
probe will exhibit maximum response to this field and a portion of the 
energy will be coupled into the probe antenna. The tangentially polar-
ized electric field, E is propagated as direct radiation from the 
radiating to the receiving dipole as shown. 
Prior to recognition of the near-field coupling theory as the cause 
of the coupling nulls at low frequencies, the use of conventional hooded 
antennas at frequencies below 100 MHz was ruled out because of two major 
considerations. First, to satisfy the aperture-to-wavelength require- 
ments to obtain the directivity necessary to prevent multipath influences 
on measured field strengths, a low frequency conventional hood would be 
too large to be accommodated in shielded enclosures. Fortunately, all 
available data as well as calculations indicate that the dimensions of 
the enclosure are not large enough to permit any significant multipath 
interference at low frequencies. Hence, there is apparently little 
need for obtaining tangentially polarized field directivity with a 
hood. The other major objection to the use of hoods at low frequencies 
was that no suitable absorbing material is available with which to line 
the inside of the hood. 
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Figure 28. Illustration of the Use of an Antenna Hood to Minimize 
Probe Response to Radially Polarized Fields. 
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Since the problem at low frequencies is the wall-coupled, radial 
field effect and not conventional multipath, it was considered possible 
to line the inside of a low frequency hood with lossy material and, 
through the use of an effective balun, isolate the probe antenna from 
the near-field side wall coupled components as indicated in Figure 28(B). 
It should be emphasized that there are distinct conceptual differ-
ences between the conventional hooded antennas employed at high fre-
quencies and the low frequency hood depicted in Figure 28(B). In the 
conventional high frequency hooded antenna, the hood is used to achieve 
antenna directivity with respect to the tangentially polarized electric 
field component, E. This increased directivity is utilized to minimize 
the effects of multipath interference (stray radiation) inside a shielded 
enclosure by allowing probe illumination of the radiating source while 
simultaneously minimizing side wall, back wall, floor and ceiling illumin-
ation. The inside of a conventional high frequency hood is lined with RF 
absorbing material and the probe antenna is isolated by a balun from the 
outside metal shield. In the open-field or free-space environment, 
measurements made at a given frequency with the probe antenna unhooded 
differ from measurements made with the same probe hooded by a constant 
factor at all far-field measurement ranges of interest. This constant 
factor is the insertion loss (or gain) associated with the hood. After 
correcting for this insertion loss, the hooded and unhooded measurements 
are identical at each measurement range of interest. 
The concept of the low frequency hood shown in Figure 28(B) is 
completely different from that of the conventional high frequency hood. 
In the low frequency hood no increased directivity with respect to the 
tangentially polarized electric field component, E
G
, is sought or 
achieved. Rather, the low frequency hood is used solely to isolate 
the antenna from the radially polarized electric field component, E
r
, 
coupled along the side walls. Although the probe antenna is isolated 
from the outside metal shield of the hood by a balun as is the case 
with conventional high frequency hoods, the inside of the metal shield 
is lined with a lossy material (for isolation from the inside of the 
metal shield) rather than an absorber. This can be done since the 
dimensions involved preclude significant effects from multipath reflec-
tions inside the hood itself. 
The most important conceptual difference between the conventional 
high frequency hooded antenna and the low frequency hooded antenna is 
that the latter is intended for use at ranges of from a few wavelengths 
down to a fraction of a wavelength from the radiating source. Thus, 
when the low frequency probe antenna is hooded, not only is a far-
field insertion loss factor present in the measured results, but the 
mutual coupling between the source and the probe is appreciably altered 
by the presence of the hood. Therefore, at longer wavelengths, it is 
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no longer possible to correct hooded probe measurements to agree with 
unhooded probe measurements by a range-independent far-field insertion 
loss factor. It is indeed difficult and more than a little misleading 
to describe the low frequency probe as either hooded or unhooded in the 
conventional sense in which this concept is used to describe probes 
intended for use at higher frequencies. The hooded low-frequency probe 
operating very close (in terms of wavelength) to a radiating source 
should and, as is shown in the measurement results section of this 
report, does exhibit electrical characteristics quite different from 
those of the same probe unhooded. Instead of being described as 
hooded and unhooded, it may be clearer to view the two antenna con-
figurations as two distinctly different antennas, just as differentia-
tion is made between dipoles and horn antennas. However, in order to 
be consistant with previous reports, the low frequency probe antenna 
will be referred to herein as either hooded or unhooded. 
6. Low-Frequency Hooded Antenna Experiments  
In order to experimentally test the concept that an antenna 
hood could be used successfully in shielded enclosures at frequencies 
below 100 MHz to isolate a probe antenna from the near-field radially 
polarized components coupled along the side walls, a probe antenna 
and antenna hood were fabricated. An 18-inch bow-tie antenna with a 
38-degree flare angle was built to serve as a probe antenna. An Anzac 
Model H-1 hybrid junction was used as the probe antenna feed and balun. 
The hood was constructed from an aluminum cylinder two feet in dia-
meter and four feet long; the wall thickness was 1/8 inch. The hood 
end plate (back wall) was made from .1.2- inch sheet aluminum. The 
cylinder and end plate were lined with Emerson and Cuming NZ-1 ferrite 
material. While it is documented
5 
that this material is a very poor 
absorber at frequencies appreciably below 300 MHz, it has been found 
to be an adequate lossy material in the frequency range of interest. 
Figure 29 shows a view of the bow-tie probe antenna inside the antenna 
hood. 
Antenna coupling measurements were made in an 8 x 8 x 20 foot 
shielded enclosure. A 30-inch bow-tie antenna was used as the source 
antenna for all of the coupling measurements. Initially, antenna 
coupling as a function of separation distance was determined between 
the source antenna and the unhooded 18-inch bow-tie probe antenna. 
The source antenna was centered in the shielded enclosure 93 inches 
from the end wall to correspond with previous experiments in the 20 
foot chamber. Coupling measurements were made at frequencies of 50, 
40 and 30 MHz. The measurements were made at 2-inch spacing incre- 
ments at antenna separation distances of from 10 inches to 100 inches. 
The results of these measurements are shown in Figures 30, 31, and 32. 
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The coupling data for the unhooded probe antenna clearly show the 
typical low frequency coupling nulls resulting from the out-of-phase 
summation of the tangentially and radially polarized field components. 
Consistant with previously reported coupling measurements in shielded 
enclosures, at low frequencies, the null occurs further from the source 
as the frequency is decreased. 
To verify that the probe antenna could be isolated from the radially 
polarized near-field component propagated along the enclosure wall by the 
use of an antenna hood, the experiment described above was repeated with 
the 18-inch bow-tie probe antenna hooded as shown in Figure 29. Again 
the coupling measurements were made at 2-inch spacing increments at each 
of the three test frequencies. Measurements were made with the probe 
antenna located at hood dep—is of 3, 9 and 18 inches. It was found that 
the 3-inch hood depth did not provide sufficient probe antenna isolation 
to completely eliminate the coupling nulls. No significant differences 
were observed between the data recorded at a 9-inch hood depth and that 
recorded at an 18-inch hood depth. 
The results of the coupling measurements made in the shielded enclo-
sure with the probe antenna hooded for a 9-inch hood depth are shown in 
Figures 30, 31 and 32. As shown in these curves, sufficient isolation 
Figure 29. View of the Hooded 18-Inch Bow-Tie Probe Antenna. 
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Figure 31. Relative Coupling as a Function of Antenna Separation 
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Figure 32, Relative Coupling as a Function of Antenna Separation 
Distance at a Frequency of 30 MHz. 
was provided by the antenna hood to prevent coupling of the E r component 
into the probe antenna. Hence, no coupling nulls are evident in the 
hooded antenna data. 
To compare the hooded antenna coupling measured in the shielded 
enclosure with corresponding data from open-field measurements, the 
shielded enclosure experiments described above were repeated on the roof 
antenna range. The open-field coupling data obtained with the hooded 
antenna are also shown in Figures 30, 31 and 32. The agreement between 
the hooded antenna measurements in the shielded enclosure and corres-
ponding measurements in the open-field is quite good. Out to a separa-
tion distance of just over one meter, the two sets of measurements are 
identical to within the accuracy of the measurement equipment. At 
separation distances in excess of 50 inches, a detectable difference in 
coupling is seen. The coupling in the open-field falls off more slowly 
with distance than it does in the shielded enclosure. At a separation 
distance of 100 inches, the difference between the open-field and 
shielded enclosure measurements is approximately 3 dB. 
While the low frequency hooded antenna exhibits little or no res-
ponse to radially polarized fields, Figures 30, 31 and 32 indicate that 
this antenna does exhibit less gain than unhooded bow-tie antennas. 
Open-field coupling measurements were made as a function of the separa-
tion distance of the 30-inch bow-tie antenna and the unhooded 18-inch 
bow-tie antenna. The results of these measurements are shown in 
Figures 33, 34 and 35. The corresponding open-field coupling curves 
between the 30-inch bow-tie antenna and the hooded 18-inch bow-tie 
antenna are included in these figures for comparison. 
As expected, the near-field mutual coupling between the source and 
probe antennas was found to be considerably altered when the probe 
antenna was hooded. As can be seen from Figures 33, 34 and 35, the 
additional coupling losses associated with the hooded probe are depen-
dent both on separation distance and frequency. To further document 
the range dependence of mutual coupling in the near-field, azimuth 
antenna patterns were made of the response of the hooded probe antenna 
to the tangentially polarized electric field, E. For these patterns 
a short dipole antenna was used as a radiating source. Figure 36 shows 
the test setup used in obtaining the patterns. 
Azimuth antenna patterns of the hooded probe antenna were made at 
source-to-probe separation distances of 28, 36, 48, 60, 72 and 84 inches. 
The patterns were made at a frequency of 40 MHz with the bow-tie probe 
located at a 24-inch hood depth. The resulting patterns are shown in 
Figures 37 and 38. In order to obtain the clearest possible patterns, 
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Figure 35. Open-Field Relative Coupling at 30 MHz. 
Figure 36. View of the Test Setup for Measuring Near-Field Mutual 
Coupling Patterns. 
as the source-to-probe separation distance was increased. The response 
level on boresight is indicated on the pattern at each separation dis-
tance. All levels are referenced to 0 dB at a 28-inch separation dis-
tance. 
As Figures 37 and 38 indicate, there are several dramatic effects 
of separation distance on the hooded probe antenna patterns as a result 
of near-field mutual coupling changes between the source and hooded 
probe antenna. The apparent front-to-back ratio is seen to change from 
about 32 dB at a 28-inch separation distance to about 10 dB at 84 inches. 
The apparent 3 dB beamwidth changes from approximately 36 degrees at 
28 inches to approximately 84 degrees at 84 inches. The word "apparent" 
is used advisedly in describing the front-to-back ratio and beamwidth 
changes. It should be recognized that the "patterns" shown in Figures 
37 and 38 actually depict the near-field mutual coupling of the dipole 
source and the hooded probe as a function of the azimuth position of 
the latter. The near-field as used here implies the region less than a 
few wavelengths from the antenna where the induction-field and electro-
static-field are significant with respect to the radiated field. In 
this region the coupling between two antennas includes inductive coupl-
ing and capacitive coupling as well as the normal coupling involving 
42 
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Figure 38. Near—Field Mutual Coupling Between a Dipole and Hooded 
Probe Antenna at Separation Distances of 72 and 84 Inches, 
the radiated field. The inductive coupling and capacitive coupling are 
extremely sensitive to the configurations of the two antennas involved, 
to the spacing between the antennas and to the orientation of the two 
antennas with respect to each other. Hence, it is to be expected that 
patterns made in this region will be significantly different from far-
field patterns and will be a function of the distance at which they are 
measured. The mutual coupling patterns shown in Figures 37 and 38 
would be expected to change, for example, if a different source antenna 
were used in place of the short dipole shown in Figure 36. 
It has been shown that a low frequency antenna hood can be used to 
effectively isolate the probe antenna from the radially polarized field 
component coupled by a shielded enclosure wall. Low frequency hooded 
antenna coupling measurements in a shielded enclosure agree quite well 
with corresponding hooded measurements made in the open-field. However, 
coupling losses associated with the low frequency hooded antenna are 
appreciable and the mutual coupling between the source and probe antenna 
is significantly affected by the antenna hood. The strong dependence of 
mutual coupling on the probe antenna hood could further complicate cal-
ibration of this type of antenna. Thus, while the low frequency hooded 
antenna does offer a solution to some of the near-field measurement 
problems in shielded enclosures, this solution is not without some 
disadvantages. 
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7. Baffle Plate Techniques  
The low frequency antenna hood was shown to be capable of pro-
viding sufficient isolation between the enclosure side walls and the 
ends of the antenna to prevent side wall coupling of the radially polar-
ized field component. However, as the experiments discussed in the pre-
ceeding section showed, substantial insertion losses as well as signi-
ficant near-field mutual coupling influences are associated with the 
low frequency hooded antenna technique. An investigation was begun on 
the use of baffle plates to provide isolation between an antenna and 
the enclosure side walls. It was hoped that such a technique would have 
the isolation advantages of the low frequency hooded antenna, but would 
have smaller insertion losses and mutual coupling influences. 
The baffle plate concept is shown in Figure 39. The baffle plates 
are metal plates lined with lossy material and placed opposite the ends 
of an antenna in a shielded enclosure. The plates are, in effect, 
sections of the low frequency hood. The concept is that if coupling 
between the ends of the antenna and the enclosure side walls can be 
greatly reduced or prevented, the coupling null can be eliminated. 
Under such conditions, it is probable that the probe antenna could be 
accurately calibrated for shielded enclosure measurements. The absorb-
ing material shown on the end wall is not relevant to the baffle plate 
technique, but since it will normally be in the shielded enclosure for 
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Figure 39. Diagram of Shielded Enclosure Measurement Setup 
Incorporating Baffle Plates. 
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A brief discussion of the difference between absorbing materials and 
lossy materials appears to be in order at this point. Absorbing materials 
have the characteristic of matching an absorbing medium with a normal pro-
pagating medium (usually free space) so that an incident wave is absorbed 
and dissipated in the material. The specular reflection from the surface 
of absorbing materials is normally reduced by 20 dB or more below the 
level of the incident wave. A lossy material does not necessarily match 
the lossy medium to the propagating medium, it does however, significantly 
attenuate surface currents which are set up by a wave which is incident 
on the surface of the lossy material. Hence, while a lossy material does 
not necessarily significantly reduce the specular reflection of a wave 
incident on its surface, it does prevent the effect of this wave from 
being transferred to other parts of its surface. 
Since the present concern is not reflections, but rather, the trans-
fer of energy along the enclosure walls, the use of lossy material on 
the baffle plates should prevent any surface currents on the plates. 
With no surface currents on the baffle plates, there should be no coupl-
ing between the plates and the enclosure walls, and hence, the plates 
lined with lossy material should provide appreciable isolation between 
the ends of the antenna and the enclosure walls. 
Two baffle plates, as shown in Figure 40(A), were prepared. A 
section of aluminum plate 24 x 24 inches was covered with NZ-1 ferrite 
material. This material has been shown to be a lossy material at fre- 
quencies below 70 MHz.
5 
The two baffle plates were placed opposite the 
ends of one dipole antenna in a shielded enclosure as shown in Figure 
41(A) and (B). Coupling measurements were made for the two dipole 
antennas as a function of separation distance at a frequency of 40 MHz. 
The overall dipole antenna lengths were set at 60 inches. 
Initially the measurements were made with the baffle plates float-
ing. The measurements using the baffle plates in this manner were quite 
similar to coupling measurements made in the shielded enclosure without 
baffle plates. The spacing at which the coupling null occurred when 
the baffle plates were used was unchanged from the spacing at which it 
occurred when no baffle plates were used, indicating that no effective 
side wall isolation was provided by the baffle plates. 
The baffle plates then were grounded to the enclosure side walls 
and antenna baluns by a length of braided wire visible in Figure 41. 
The antenna coupling measurements were repeated. Again a coupling null 
was measured; however, the null was found to occur at an antenna spacing 
of 43 'inches, as compared to a spacing of 32 inches when no baffles were 
used. Based on the side wall coupling theory, these data indicate that 
the grounded baffle plates provide partial isolation between the ends of 
the antenna and the enclosure side walls. 
46 
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Figure 40. Two Views of Baffle Plates. 
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Figure 4l. Two Views of the Baffle Plate Measurement Setup in a 
Shielded Enclosure. 
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In order to reduce any "fringing" effects, the baffle plates were 
modified by removing the exposed plate at the bottom of the baffle. 
The resulting baffle plates are shown in Figure 40(B). The experiment 
described above was repeated for the modified baffle plates. The 
plates were grounded to both the enclosure wall and the antenna balun. 
A coupling null was measured at an antenna separation distance of 55 
inches, indicating more isolation was obtained than in the previous 
baffle plate experiments. 
The braided wire used as a ground strap may not provide adequate 
grounding at 40 MHz. In addition, there is evidence of "fringing" 
around the 24 x 24 inch lossy baffle. Larger baffle plates, together 
with better grounding techniques, may lead to the complete elimination 
of the coupling nulls observed in the shielded enclosure. Results of 
the preliminary experiments described in this section justify a more 
complete future investigation of baffle plate techniques. 
8. Summary and Conclusions  
Large differences in corresponding open-field and shielded 
enclosure measurements have been observed at frequencies well below 
100 MHz, where the dimensions of most conventional enclosures are small 
enough, compared to wavelength, to preclude any significant multipath 
interference effects. In this frequency range the coupling between 
two antennas in a shielded enclosure is typically characterized by the 
existance of a single coupling null which is not present in the corres-
ponding measurements made in the open-field. 
It has been hypothesized that the coupling nulls in shielded 
enclosures are caused by the near-field components of the antennas. 
A near-field coupling theory has been presented which indicates that 
these nulls are the result of the out-of-phase summation of the tan-
gentially polarized direct radiation and a near-field, radially 
polarized, electric field component. 
The results of a number of experiments to test the validity of 
the near-field coupling theory have been reported. All available 
evidence supports the near-field coupling theory. 
It has been shown that a low frequency antenna hood can be used 
to effectively isolate the probe antenna from the radially polarized 
field component propagated along a shielded enclosure wall. Low 
frequency hooded antenna coupling measurements in a shielded enclosure 
agree quite well with corresponding hooded measurements made in the 
open-field. However, coupling losses associated with the low fre-
quency hooded antenna are appreciable and the mutual coupling between 
the source and probe antenna is significantly affected by the antenna 
hood. The strong dependence of mutual coupling on the probe antenna 
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hood could further complicate the calibration of this type of antenna. 
Thus, while the low frequency hooded antenna does offer a solution to 
some of the near-field measurement problems in shielded enclosures, 
additional investigation of near-field coupling phenomena is indicated. 
The concept of reducing the coupling between the ends of an antenna 
and the enclosure side walls through the use of baffle plates has been 
tested with only partial success. Results of preliminary experiments 
justify a more complete future investigation of baffle plate techniques. 
C. Short Hooded Antennas  
1. Background  
A major objective of this program was to improve the design 
of hooded antennas. The evaluation of the hooded antennas on previous 
programs revealed that the relatively long hoods utilized with these 
antennas were yielding more directivity than was required. In fact, 
at the higher frequency limits, the beamwidths of the antennas 
were narrower than desired. It was hypothesized that the absorber-
lined hood was producing a secondary field pattern which closely 
approximated the field that would be obtained from a plane wave radiat-
ing through a circular aperture in an infinite absorbing screen. 
The normalized field pattern of a uniformly illuminated circular 
aperture in a perfectly absorbing screen of infinite extent is given by 
7A 	. J 1 ( -- Sin 8) ,  
F = (1 + Cos 0) 	,7A 
-- Sin 0 
(4) 
where 
A = aperture diameter, 
X = free-space wavelength, 
= angle with respect to the normal to the aperture, 
J
1 
= first-order Bessel function. 
This equation was programmed for a digital computer and field 
patterns were calculated for the two hooded antennas at each of the 
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good correlation between the two sets of patterns was observed, and it 
was concluded that the pattern of the hooded antenna is primarily 
determined by the ratio of the aperture diameter to the wavelength of 
interest. Thus, the aperture equation can be used as a tool to design 
hooded antennas to meet specified beamwidth and sidelobe characteristics. 
Considering the typical operation of the hooded antennas inside 
conventional shielded enclosures, it appeared desirable to limit the 
half-power beamwidth of the hooded antenna to the range from 20 to 
60 degrees. A curve (based on circular aperture field pattern cal-
culations) showing the half-power beamwidth of a hooded antenna as 
a function of the aperture-to-wavelength ratio is shown in Figure 42. 
It is apparent from this curve that to maintain the beamwidth within 
the 20 to 60 degree range, it is necessary to restrict the aperture-
to-wavelength ratio to the range between 1.0 and 3.0. To meet these 
requirements, a minimum of three hooded antennas would be required to 
cover the 200 MHz to 12 GHz frequency range. 
An initial step in reducing the length of hooded antennas was to 
substitute cavity-backed spiral antennas for conical log-helix antennas 
as the primary feeds for hooded antennas. The cavity-backed spirals 
appear to exhibit all the desirable characteristics of the log-conical 
antennas, and in addition, are planar structures. In previous hooded 
Figure 42. Theoretical Beamwidth of Hooded Antenna Vs. Aperture Size. 
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antennas utilizing log-conical antennas as primary feeds, an appreciable 
part of the hood length was required to accomodate the length of the 
log-conical antenna. The substitution of cavity-backed spiral antennas 
allowed practically all of this hood length to be eliminated. 
2. Hood Length Vs. Beamwidth Study  
The discussion of the hooded antenna beamwidth as a function 
of aperture size in the previous section assumed a planar wavefront 
at the hood aperture. In order to maintain the phase error over the 
aperture to a maximum of X/16 (22.5 degrees), the distance from the 
probe antenna to the aperture of the hood (L) must satisfy the condition: 
2A
2 
/ = x (5) 
If it is assumed that the hooded antenna is to operate over a frequency 
range such that the aperture is 1X at the lower frequency limit and 3x 
at the upper frequency limit, a simple calculation reveals that the 
probe antenna must be located at least 18X from the aperture at the 
upper frequency limit in order to satisfy the phase condition specified 
by (5). This would require that the length of the hood be somewhat 
greater than six times the diameter of the hood. 
Since it is important from the standpoint of size, weight and cost 
to minimize the length of the antenna hoods, a study to determine the 
performance of hooded antennas as a function of hood length was con- 
ducted. An adjustable-length hooded antenna was fabricated for this study. 
A diagram of the adjustable-length hooded antenna is shown in Figure 43. 
The basic hood structure is the hood of the microwave hooded antenna. 
This hood is a metal cylinder lined with Eccosorb NZ-1 absorbing material. 
The outside diameter is 8 inches, the inside diameter is 64 inches and 
the length is 19 inches. A metal end-plate, lined with absorbing material 
and with a type N feed-through connector in the center, was mounted on 
one end of the cylinder. An AEL Model ASN 118A cavity-backed spiral 
antenna and a false metal end-plate lined with absorbing material was 
mounted on a circular piece of expanded polyethylene foam as shown in 
the figure. The diameter of the foam was made so that it was a tight 
sliding fit to the inside of the hood, and hence, was capable of support-
ing the antenna and false end-plate at any location along the length of 
the basic hood. This configuration made it possible to vary the distance 
(/) between the aperture of the hood and the aperture of the cavity-
backed spiral antenna from zero to 151/2 inches. Antenna patterns were 
made at three frequencies, 2 GHz (A ti X), 4 GHz (A 	2x) and 6 GHz (A ti 3x), 
for seven values of / over the range from 11/2 inches to 151/2 inches. 
Typical patterns obtained for / values of 11/2, 41/2, 71/2 and 151/2 inches 
52 















Figure 43. Diagram of Adjustable-Length Hooded Antenna. 
at the three frequencies are shown in Figures 44, 45 and 46. It is 
apparent from Figure 44 that reducing the hood length from 151/2 to 11/2 
inches (approximately 2.5X to 4X) had no significant effect on the 
antenna pattern when the hood aperture was approximately 1X. The 
patterns show that the half-power beamwidth increased from 45 degrees 
to 49 degrees and the maximum sidelobe levels increased by less than 
1 dB. 
The patterns in Figure 45 show that at 4 CHz, where the hood 
aperture was approximately 2X, reducing the hood length had an 
appreciable effect on the antenna pattern. The half-power beam-
width was increased from 27 degrees to 43 degrees and the maximum 
sidelobe levels increased by more than 8 dB. The most significant 
effect was obtained when the hood length was decreased from 41/2 to 
12 inches. For this relatively small change in hood length, the 
3 dB beamwidth increased by approximately 13 degrees and the side-
lobes increased approximately 6 dB. 
Some unexpected results were obtained at 6 GHz. It is apparent 
from the patterns in Figure 46 that the minimum half-power beamwidth 
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Figure 44. Patterns of Hooded Antenna as a Function of Hood Length 
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Figure 45. Patterns of Hooded Antenna as a Function of Hood Length 
at 4 GHz. 
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Figure 46. Patterns of Hooded Antenna as a Function of Hood Length 



















hood length of 151/2 inches. The beamwidth was 20 degrees at 71/2 inches 
and 27 degrees at 151/2 inches. Apparently there is an optimum hood 
length in terms of wavelengths (in this case 3.79), and if the hood 
length exceeds this optimum length, an additional mode is set up along 
the walls of the hood which causes a phase error at the aperture which 
degrades the directivity characteristics of the aperture. At 2 GHz 
and 4 GHz the maximum hood lengths were 2.58X and 3.87X respectively, 
and hence, this phenomena was not apparent. At 6 GHz, the most signi-
ficant effect was again obtained when the hood was decreased from 41/2 
to 11/2 inches. The half-power beamwidth increased by approximately 20 
degrees. It is interesting to note that for a hood length of 151/2 
inches at 2 and 4 GHz and 71/2 inches at 6 GHz, the measured half-power 
beamwidths agree quite well with the theoretical beamwidth curve in 
Figure 42. 
The half-power beamwidth data from all of the hooded antenna 
measurements are shown in Figure 47. Two important conclusions can 
be made based on the curves shown in this figure. First, the hood 
of the antenna can be made quite short relative to the diameter and 
the half-power beamwidth will remain less than 60 degrees from the 
frequency at which the aperture is one wavelength to at least three 
times this frequency. Secondly, if the hood length is made short 
relative to the diameter, the beamwidth of the hooded antenna will 
be considerably less sensitive to the frequency of operation. For 
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Figure 47. Measured Beamwidth of Hooded Antenna as a Function of Hood 
Length. 
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(or X/3 at the lower frequency limit), then the beamwidth at the 
lowest frequency will be 47 degrees, and over a 3:1 frequency range 
the beamwidth will vary from 47 degrees to 40 degrees (based on the 
three test frequencies). 
To verify these results and determine the beamwidth characteristics 
of short hooded antennas, two experimental short hooded antennas were 
designed to cover the frequency ranges of 1 to 4 GHz and 3 to 12 GHz 
and to yield an essentially constant 50 degree beamwidth over the 1 to 
12 GHz range. Details of the design, fabrication and evaluation of 
these antennas were presented in the second quarterly report. 
The results obtained with the two experimental short hooded antennas 
were not as good as anticipated. The patterns obtained were considerably 
wider and more sensitive to frequency than expected. It was hypothesized 
that the lack of success could be due to the fact that the short hooded 
antenna designs were based on data obtained with an adjustable-length 
hooded antenna in which the aperture dimension and the primary feed 
antenna (and hence the primary antenna pattern) were different from 
the final short hooded antenna configurations. In order to obtain 
experimental data which are more directly applicable to the short 
hooded antenna designs, two additional adjustable-length hooded antennas 
were fabricated. The dimensions and configurations of these antennas 
were made as near as possible identical to the planned short hooded 
antennas. In addition, the same cavity-backed spiral antennas planned 
for use in the final short hooded antennas were utilized in these 
adjustable-length hooded antennas. 
3. Adjustable-Length Hooded ASN 116A Antenna  
An adjustable-length hooded antenna for a lower frequency limit 
of 1 GHz was designed and fabricated. The objective of this antenna was 
to cover the frequency range from 1 GHz to as high a frequency as possible, 
and over its useable frequency range, to provide a half-power beamwidth 
in the range from 20 to 60 degrees. A photograph of this hooded antenna 
is shown in Figure 48. The hood is a metal cylinder lined with Emerson 
and Cuming Eccosorb NZ-1 absorbing material. The outside diameter is 
12 inches and the inside diameter is 10 inches. An AEL Model ASN 116A 
cavity-backed spiral antenna was used as the primary feed antenna for 
this hooded configuration. The ASN 116A antenna is designed to cover 
the 1 to 10 GHz frequency range. Antenna patterns for the basic unhooded 
antenna at 2, 3, 4, 6, 7, 8, 9 and 10 GHz are shown in Figures 49 and 50. 
It is apparent from the figures that the 3 dB beamwidths at the 8 test 
frequencies vary from 48 degrees to 103 degrees with an average half-
power beamwidth of 77.6 degrees. The ASN 116A antenna and a false metal 
end-plate lined with NZ-1 absorbing material were mounted on a circular 
piece of expanded polyethylene foam. The diameter of the foam was made 
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Figure 48. Adjustable—Length Hooded ASN 116A Antenna. 
so that it was a tight sliding fit to the inside of the hood, and hence, 
was capable of supporting the antenna and false end-plate at any loca-
tion along the length of the hood. The length of the hood was made 13 
inches long so that this configuration made it possible to vary the 
distance between the aperture of the hood and the aperture of the ASN 
116A antenna from zero to 4 inches. 
Antenna patterns for the hooded antenna were made at five fre-
quencies (1, 2, 3, 4 and 5 GHz) for hood lengths of 0, 1, 2, 3, and 4 
inches. The best results were obtained for a hood length of 4 inches 
and the antenna patterns obtained with this hood length at 1, 2, 3, and 
4 GHz are shown in Figure 51. The figure shows that the half-power 
beamwidth obtained at 1 GHz is 72 degrees. Since an objective of the 
hooded antenna development program is to obtain half-power beamwidths 
of less than 60 degrees, this beamwidth is excessive. However, a 72- 
degree beamwidth was obtained for all hood lengths from zero to 4 inches 
at 1 GHz indicating that the beamwidth is independent of hood length at 
this frequency. Thus it was concluded that the aperture of the hood is 
not sufficiently large to provide the desired directivity at this fre-
quency. Half-power beamwidths of 42 degrees and 45 degrees were obtained 
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4 and 6 GHz. 
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Figure 50, Antenna Patterns for Unhooded ASN 116A Antenna at 7, 8, 
9 and 10 GHz. 
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Figure 52. Adjustable-Length Hooded ASN 111A Antenna. 
range of 20 to 60 degrees, and hence, indicate that the performance of 
the short hooded antenna is satisfactory in this frequency range. The 
antenna pattern obtained at 4 GHz shows that significant beam-splitting 
occurs at this frequency. Patterns at higher frequencies indicate that 
the beam-splitting becomes more severe with increasing frequency. 
The results from this study indicate that (1) in order to operate 
down to 1 GHz, the aperture of the short hooded antenna will have to be 
increased slightly, possibly to an inside diameter of 12 inches, (2) 
the useable frequency range of a short hooded ASN 116A hooded antenna 
will probably cover the 1 to 3 GHz range and (3) the optimum hood 
length for a 1 to 3 GHz short hooded antenna is 4 inches. 
4. Adjustable-Length Hooded ASN 111A Antenna  
An adjustable-length hooded antenna for a lower frequency 
limit of 3 GHz was designed and fabricated. The objective for this 
antenna is to cover the frequency range from 3 GHz to as high a fre-
quency as possible, and over its useable frequency range, to provide 
a half-power beamwidth in the range from 20 to 60 degrees. A photo-
graph of this hooded antenna is shown in Figure 52. The hood is the 
same configuration as the ASN 116A hooded antenna, the difference being 
the outside diameter of this hood is 6 inches and the inside diameter is 
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4 inches. An AEL Model ASN 111A cavity-backed spiral antenna was used 
as the primary feed antenna for this hooded configuration. The 
ASN 111A antenna is designed to cover the 3 to 12 GHz frequency range. 
Antenna patterns for the basic unhooded antenna at 4, 6, 8 and 10 GHz 
are shown in Figure 53. It is apparent from the figure that the 3 dB 
beamwidths at the four test frequencies vary from 54 degrees to 84 
degrees. The ASN 111A antenna and a false end-plate covered with NZ-1 
material were mounted in the hood in the same manner as the ASN 116A 
antenna so that the antenna could be positioned at any location along 
the length of the hood. The length of the hood was made 13.5 inches 
so that the aperture of the ASN 111A antenna could be located at any 
distance from zero to 4 inches from the aperture of the hood. 
Antenna patterns for the hooded antenna were made at six frequencies 
(3, 4, 5, 6, 7 and 8.5 GHz) for hood lengths of 0, 1, 2, 3 and 4 inches. 
The best results were obtained for a hood length of 2 inches, and the 
antenna patterns obtained with this hood length at the six test fre-
quencies are shown in Figures 54 and 55. It is apparent from the antenna 
patterns that the half-power beamwidth of the hooded antenna over the fre-
quency range from 3 to 8.5 GHz remains in the range from 28 to 60 degrees. 
The results from this study indicate that a short hooded antenna with 
a 4-inch aperture and 2-inch hood length will operate satisfactorily over 
the frequency range from 3 to 8 GHz. 
5. Final Short Hooded Probe Antennas  
Results from the programs described above indicate that the 1 
to 12 GHz frequency range can be covered with three short hooded antennas. 
The measured data indicate that a 4-inch long hooded antenna with a 12-
inch inside diameter aperture will operate satisfactorily over the 1 to 
3 GHz frequency range and a 2-inch long hooded antenna with a 4-inch 
inside diameter aperture will operate satisfactorily over the 3 to 8 GHz 
range. It was anticipated that a 1-inch long hooded antenna with a 
2-inch inside diameter aperture will operate satisfactorily over the 
8 to 12 GHz frequency range. A set of three short hooded antennas 
having these parameters were fabricated and tested. 
Two views of the short hooded antenna designed for use over the 
1 to 3 GHz frequency range are shown in Figure 56. The hood for this 
antenna configuration is a metal cylinder enclosed on one end and lined 
with Eccosorb NZ-1 ferrite absorbing material. The outside diameter of 
the hood is 14 inches, the inside diameter is 12 inches, and the length 
is 4 inches. An AEL Model ASN 116A cavity-backed spiral antenna is 
mounted in the center of the hood end wall. 
Antenna patterns for this short hooded configuration were made 
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Figure 53. Antenna Patterns for Unhooded ASN 111A Antenna at 4, 6, 
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Figure 54. Antenna Patterns for Hooded ASN 111A Antenna at 3, 4, 5 
and 6 GHz. 
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Figure 55. Antenna Patterns for Hooded ASN 111A Antenna at 7 and 
8.5 GHz. 
at 1, 1.5, 2 and 2.5 GHz are shown in Figure 57. At 1, 1.5 and 2 GHz 
the half-power beamwidths of the short hooded antenna are 60 degrees. 
At 2.5 GHz serious beam-splitting is apparent in the main lobe of the 
pattern and hence it must be concluded that this antenna is not useable 
above 2 GHz. At 800 and 900 MHz, the half-power beamwidths were 66 
degrees which is considered excessive for use in shielded enclosures. 
The useable bandwidth of this hooded antenna is therefore considered 
to be 1 to 2 GHz. 
Two views of a short hooded antenna designed for use over the 3 
to 8 GHz range are shown in Figure 58. The construction of the hood 
for this antenna was similar to the previous antenna with the excep-
tions that the outside diameter is 6 inches, the inside diameter is 
4 inches and the length is 2 inches. An AEL Model ASN 118A cavity-
backed spiral antenna was used as the primary antenna for this hooded 
configuration. 
Antenna patterns were made over the frequency range from 1.5 to 
12 GHz. The patterns obtained at 2, 4, 6 and 8 GHz are shown in 




Figure 56. Two views of the 1 to 2 GHz Short Hooded Antenna. 
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Figure 57. Antenna Patterns for the 1 to 2 GHz Short Hooded Antenna 
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Figure 59• Antenna Patterns for the 2 to 6 GHz Short Hooded Antenna 
at 2, 4, 6 and 8 GHz. 
it is 48 degrees and at 6 GHz it is 36 degrees. At 8 GHz beam-splitting 
is apparent in the main lobe of the pattern and 6 GHz is considered the 
upper useable frequency limit for this probe antenna. The useable band-
width of this hooded antenna is therefore considered to be 2 to 6 GHz. 
Two views of a short hooded antenna designed to cover the 8 to 12 
GHz frequency range are shown in Figure 60. The hood is similar to the 
other two hoods with the exceptions that the outside diameter is 4 inches, 
the inside diameter is 2 inches, and the length is 1 inch. An AEL Model 
ASN 111A cavity-backed spiral antenna was used as the primary antenna. 
Antenna patterns were made over the frequency range from 4 to 12 
GHz. The patterns obtained at 5, 7, 10 and 12 GHz are shown in Figure 
61. The half-power beamwidth is 54 degrees at 5 GHz, 38 degrees at 
7 GHz, 30 degrees at 10 GHz and 32 degrees at 12 GHz. Hence, the antenna 
meets the 20 to 60 degree beamwidth criteria over the entire range and 
the useable bandwidth of this antenna is considered to be from 5 to 12 GHz. 
6. Summary and Conclusions  
A set of three short hooded probe antennas were developed to 
cover the 1 to 12 GHz frequency range. The evaluation of these antennas 
reveals that the half-power beamwidths of these antennas are maintained 
within the limits of 20 to 60 degrees over the entire frequency range. 
This beamwidth range provides sufficient direcitivity to reject the multi-
path reflections from the enclosure sidewalls, floor and ceiling, and at 
the same time, provides adequate beamwidth to illuminate most test speci-
mens at reasonably short ranges. 
While short hooded probe antennas for use below 1 GHz were not 
developed on this program, it is not expected that any appreciable 
difficulty would be encountered in extending the short hooded antenna 
coverage down to 200 MHz with two additional hooded antennas. Experience 
with long hooded antennas on previous programs has demonstrated that the 
hooded antenna technique works quite well down to approximately 200 MHz. 
On the basis of results from this short hooded antenna program, it 
is concluded that reliable radiated measurements, which can be correlated 
with open-field measurements, can be made in shielded enclosures over the 
frequency range from 200 MHz to 12 GHz. Results from this program also 
indicate that in addition to being smaller, lighter and less costly, 
the short antenna hood yields a more constant beamwidth as a function of 
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Figure 61, Antenna Patterns for the 5 to 12 GHz Short Hooded Antenna 
at 5, 7, 10 and 12 GHz. 
74 
D. Low Frequency Measurements  
1. General  
In the frequency range below 20 MHz there is apparently good 
correlation between radiated measurements made in shielded enclosures 
and the equivalent measurements made in the open-field. This is appar-
ently due to the fact that (1) the dimensions of most shielded enclo-
sures are too short to support significant multipath effects at the 
long wavelengths involved and (2) the side wall coupling is so small 
that there is no significant effect on the boresight coupling of the 
probe antenna. 
However, there are some measurement problem areas in this frequency 
range which apply to both shielded enclosure and open-field measurements. 
These problems are primarily concerned with the efficiency of probe 
antennas in this frequency range and the interpretation of measurement 
results obtained in the near-field of a radiating source. These areas 
were investigated during this program and are discussed in the sections 
below. 
2. Measurements Below 1 MHz  
Extensive measurements of the coupling between two 30-inch 
bow-tie antennas in an 8 x 8 x 20 foot shielded enclosure were made 
over the frequency range from 1 to 150 MHz on previous programs. 
Equivalent coupling measurements were performed over the 200 kHz to 
1 MHz frequency range on this program. The configuration used in per-
forming these measurements is shown in Figure 62. 
The signal generator used for these measurements was a Hewlett-
Packard 606A. The signal generator output was set to +20 dBm to 
achieve the maximum overall system signal level. While it is recognized 
that the Emerson and Cumings HPY-72 absorbing material located on the 
back wall of the 8 x 8 x 20 foot enclosure provided no absorption at 
the frequencies of interest, the material was left in place as a matter 
of convenience. The source antenna was located 93 inches from the end 
wall of the enclosure. 
The Empire Devices NF-105 receiver (NFIM) was calibrated by insert-
ing 120 dB of attenuation at the Hewlett-Packard 335-D step attenuator 
and 20 dB of internal attenuation at the NFIM. The NFIM gain was 
adjusted for a +10 dB indication on the meter when the antenna cables 
were connected straight through. As shown in the block diagram, the 
measuring equipment was located in a separate shielded enclosure to 
avoid interference from high intensity local radio stations. Double 
75 
SOURCE 	PROBE 

















    
           
           




ATTEN. -6-C1-41 	 
       
 
8',x 8' x 8' ENCLOSURE 
  
           
Figure 62. Block Diagram of Low Frequency Coupling Measurement 
Configuration. 
shielded cables were used between the two enclosures. The noise level 
was found to be over 18 dB below the above indicated reference calibra-
tion level; a total system dynamic range of about 150 dB was thus 
achieved. 
Antenna coupling measurements were made in two inch increments at 
antenna separation distances of from 12 inches out to the point at which 
the coupling loss exceeded 150 dB relative to the straight through 
connection between the antenna cables. Figure 63 shows a typical view 
inside the 8 x 8 x 20 foot enclosure during the low frequency antenna 
coupling measurements. A complete set of measurements was made at 
each 100 kHz frequency increment between 200 kHz and 1 MHz. 
Figure 64 shows antenna coupling as a function of separation dis-
tance for the two 30-inch bow-tie antennas in the shielded enclosure 
at each measurement frequency. As seen from this figure a family of 
roughly parallel coupling curves are generated which fall off quite 
sharply with distance and frequency as a result of being in the near-
field of the antennas. An alternate method of viewing the data is 































Figure 63. View of Low Frequency Measurement Setup Inside an 
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Figure 65. Antenna Coupling as a Function of Frequency for Two 30-Inch 
Bow-Tie Antennas in a Shielded Enclosure. 
at antenna separation distances of 12 and 40 inches. These curves fall 
off with frequency at a nominal rate of 18 dB per octave as is pre-
dicted by the near-field equations for short dipole antennas. 
On the basis of these measurement results, it was concluded that 
radiated measurements performed in shielded enclosures over the 200 kHz 
to 1 MHz frequency range would yield essentially the same results as 
equivalent measurements performed in the open-field. 
3. Low Frequency Probe Antennas  
The majority of the probe antennas currently used to make 
radiated EMC measurements in the 14 kHz to 20 MHz frequency range are 
very inefficient. In many cases, no attempt is made to match the antenna 
impedance to the input impedance of the field intensity meter; in other 
cases, narrowband matching is provided, but this approach requires fre-
quent switching of matching networks or frequent antenna changes. In 
still other cases, unbalanced probe antennas are used which significantly 
effect the repeatibility of the measurement results. With an unbalanced 
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antenna, the transmission line becomes an integral part of the antenna, 
and hence, the measurement results are influenced by both the length and 
routing of the transmission line. In view of these problems, considera-
tion was given to establishing a technique for obtaining a satisfactory 
broadband matched, balanced probe antenna for use in the 14 kHz to 20 
MHz frequency range. 
A number of programs concerned with the development of compact 
efficient antennas are currently in progress. The literature from 
several of these programs was analyzed. This literature is listed in 
the bibliography in the appendix. The majority of the programs studied 
were attempting to improve the efficiencies of small antennas by incor-
porating active elements into the antenna structure. While the integra-
tion of active components into small antenna structures is a valid 
approach to improving the efficiencies of the antennas, this technique 
has a number of problems associated with it. First of all, in most 
cases, it is necessary to provide power to the active elements. This 
requires additional wiring to the antenna or the use of batteries which 
necessitates frequent maintenance. If the antenna is made broadband, 
it is possible that high level undesired signals or very broadband 
spectrums will (1) burnout the active elements, (2) saturate the active 
elements, (3) cause intermodulation in the active elements, and/or 
(4) change the bias on the active elements and hence, change the gain 
characteristics of the antenna. In addition, integrated antennas are 
not normally reciprocal and hence the antenna must be designed speci-
fically for either the receiver or radiate mode. For applications 
requiring the radiation of considerable power, the active element 
technique is considerably less attractive than for receiving and other 
very low power applications. One argument for the active element 
antenna is that it is possible to obtain additional gain from the active 
elements. It should be pointed out, however, that unless the noise 
figure of the active elements in the antenna is considerably better 
than the noise figure of equipment to be used in conjunction with the 
antenna, the additional gain is of little consequence. Considering all 
of the disadvantages and possible problem areas associated with the 
active antenna technique, it was concluded that this approach to obtain-
ing satisfactory, efficient probe antennas for the 14 kHz to 20 MHz 
frequency range would require considerable improvement in the state-of-
the-art of active antennas. 
Several of the programs that were studied attempted to improve the 
efficiencies of small antennas by loading the antenna structures with 
materials having high permeability and permittivity characteristics. 
This technique is based on the concept that the velocity of propagation 
of a wave through a medium is inversely proportional to the square root 
of the product of the permeability and permittivity of the medium. 
Hence, if a high permeability, high permittivity material is placed on 
the surface of an antenna structure, a slow wave mode is established on 
the surface of the antenna and the effective electrical size of the 
antenna is increased. 
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Some success has been obtained in reducing the size of antennas by 
loading with ferrite materials. Typical reductions that have been obtained 
are in the order of i or -16. Unfortunately, the loading technique does 
not increase the bandwidth of the antennas and the losses in the loading 
materials degrade the efficiencies of the antennas to approximately 80 or 
90 percent of their unloaded values. It was concluded that at this time 
the antenna loading technique does not appear to be a useful approach 
to obtaining satisfactory low frequency probe antennas. 
A technique which appears to have considerable potential for obtain-
ing broadband matching in small low frequency antennas is presented in a 
MSEE thesis by D. E. Gentry.
6 
The technique is based on the fact that 
the impedance of a small antenna is predominately reactive and that the 
value of the equivalent lumped constant reactive component does not change 
appreciably over a considerably wide frequency range. Gentry shows that 
the impedance of a single turn 12-inch diameter loop over the 1 to 30 
MHz frequency range can be assumed to be a resistor of less than 1 ohm 
(including both the radiation and copper resistance) in series with a 
1 microhenry inductor. Since the reactive part of the antenna impedance 
can be assumed to act as a fixed value inductor over this frequency range, 
it can be incorporated into a synthesized filter network as the leading 
element in the filter. Once this is accomplished, the only remaining 
task to match the antenna to the load is to obtain maximum power transfer 
from the low radiation resistance of the antenna to the load resistance. 
This can also be accomplished in the filter synthesis. Considering the 
small radiation resistance of the loop antenna over the 1 to 30 MHz fre-
quency range (less than 1 ohm) and assuming that test equipment used 
with the antenna will have 50 ohm impedances, the filter could be 
designed for a zero source impedance and a 50 ohm output impedance. 
Gentry designed several Butterworth and Tschebyscheff filter net- 
works from Weinbergs tables
7 
and evaluated their performance with a loop 
antenna to validate the matching technique. Figure 66 shows Gentry's 
calculated and measured response of an unmatched 12-inch loop antenna 
with a 50 ohm receiver. The figure shows that the response of the un-
matched loop decreases by approximately 12 dB as the frequency is in-
creased from 1 to 30 MHz. Figure 67 shows the calculated and measured 
response of the same loop antenna matched to the 50 ohm receiver with 
a simple 3-element low-pass filter. The loop antenna acts as a 1 
microhenry inductor in the filter network. The figure shows that the 
response is essentially flat (within the 1 dB filter ripple) from 1 to 
15 MHz. The apparent 6 dB loss in response between Figures 66 and 67 
is due to the measurement setup used for the experimental measurements 
and is not inherent in the matching technique. The insertion loss of 
the filter matching network is considerably less than 1 dB. Figure 68 
illustrates the matching characteristics obtained with a simple 3-
element bandpass filter. Figure 69 shows the results obtained with a 
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Figure 67, Response of a Three Element Chbychev Lowpass Filter with 
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Figure 68. Response of a Three Element Chebychev Bandpass Filter with a 
1 dB Ripple (R s = 50 ohms). 
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Figure 69. Response of a Five Element Chebychev Bandpass Filter with a 
1 dB Ripple (R s = 50 ohms). 
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The results obtained with these relatively simple filter networks 
are quite impressive and tend to indicate considerable potential for 
this technique in obtaining broadband, low frequency probe antennas. 
A possible broadband, balanced loop probe configuration incorporating 
a filter matching network is shown in Figure 70. The upper diagram 
is a pictorial representation showing how the filter matching network 
is integrated with the loop antenna. As shown in the diagram, a 
symmetrical filter network is utilized to obtain a balanced probe. An 
impedance transformer (T 1 ) is included in the filter to match the radia- 
tion resistance of the loop to the load impedance. The lower diagram 
is an equivalent circuit schematic of the loop antenna, filter and load. 
This diagram shows how the equivalent circuit of the loop fits into the 
filter network. 
Figure 71 shows the equivalent configuration for a short dipole 
antenna. Note that since the reactive part of a short dipole antenna 
is capacitive, the leading element of the matching filter network 
must be capacitive. This dictates that the filter network must be 
either a highpass or bandpass filter, and hence, the lowest frequency 
at which the dipole probe can be used will be limited. It is concluded 
that additional study is warrented in applying this technique to the 
development of low frequency probe antennas. 
4. Near-Field Measurements  
While it has been concluded that radiated measurements per-
formed in shielded enclosures over the 14 kHz to 20 MHz frequency range 
will yield essentially the same results as equivalent measurements 
performed in the open-field, there is considerable question as to the 
value of measurement results obtained in either location over this fre-
quency range with the measurement techniques currently being utilized. 
The present measurement procedures specify that the probe antenna be 
located either one foot or one meter from the unit being tested. This 
close proximity of probe and source in terms of wavelength greatly 
increases the probability of measurement error assignable to near-
field effects. 
Accurate measurements become increasingly more difficult as the 
distance between a measurement probe and the radiating source is re-
duced. For purposes of describing some of these measurement diffi-
culties, the space surrounding a radiating source antenna will be con-
sidered to be divided into three separate regions. These three regions, 
the boundaries of which are not precisely defined, are referred to in 
this discussion as (1) the radiation far-field, (2) the radiation near-
field, and (3) the reactive near-field. 
The radiation far-field region is generally considered to extend 
from infinity to a distance of 2D
2
A from the source, where D is the 
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Figure 71. Broadband Matched, Balanced, Short Dipole Antenna. 
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largest linear dimension of the source antenna aperture and X is the 
operating wavelength. It is at this 2D
2
A separation distance that mea-
surement inaccuracies introduced by the non-planar nature of the radiated 
wave begin to become apparent. It should be pointed out that although a 
source-to-probe separation distance of 2D
2
A is generally accepted as the 
boundary between the radiation far-field region and the radiation near-
field region, the effective boundary for a given application is dependent 
upon the magnitude of the error in measured or calculated power density 
which is acceptable in the particular situation. In the radiation far-
field region, calculations of field patterns with Fourier integral tech-
niques usually yield very satisfactory approximations. Similarly, probe 
antennas calibrated in a planar field generally yield accurate measure-
ment results anywhere in the radiation far-field. 
The radiation near-field region is usually accepted as extending 
from the far-field boundary to within a few wavelengths of the radiating 
source. In this region the field pattern of the source is a function of 
distance from the source; both the relative phase and relative amplitude 
of field contributions from different elements of the source change appre-
ciably with distance. Thus, the non-planar nature of the radiated wave 
is more pronounced, and significant power density measurement errors aris-
ing from the use of a probe antenna calibrated in a planar field can occur. 
This fact is particularly important when the power density measurements 
made with the probe do not include the potentially significant contribu- 
tions of the radially polarized field components. 	In the radiation near- 
field region, calculations of field patterns usually involve approxima-
tions of the fields by integrals of the Fresnel form. These approxima-
tions become increasingly inaccurate as distance to the source is decreased. 
It should be recognized that the probe antenna also has radiation 
near-field and far-field regions. The boundary of these regions is also 
generally accepted to be 2D
2
/X, where D is the largest linear dimension 
of the probe antenna aperture. If the probe antenna is used for making 
measurements at source-to-probe separation distances within the radiation 
near-field region of the probe itself, severe inaccuracies in measured 
power density can arise from phase variation across the probe aperture. 
At these separation distances, both the gain of the probe antenna and 
the source radiation pattern become dependent on source-to-probe separa-
tion distance. 
It is assumed throughout this discussion that the probe antenna responds 
equally to all polarizations of plane waves or that the probe can be used 
to determine the components of a plane wave which can be summed to yield 
total power density. 
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That region of space immediately surrounding a source is referred 
to as the reactive near-field region. In the radiation far-field region 
and, to a lesser extent, in the radiation near-field region, a propagat-
ing or radiating field predominates. The magnitude of this field varies 
inversely with the distance from the source. In the reactive near-field 
J. 
region the induction and static fields predominate. The magnitude of 
the induction field varies inversely with the square of the distance from 
the source and the magnitude of the static field varies inversely with the 
cube of the distance. In the region where these reactive fields predomin-
ate, relatively little time average energy flow associated with radiated 
power exists. Instead, most of the energy flows outward and inward in a 
cyclic manner and these fields may be thought of as alternately expanding 
and collapsing at the operating frequency. The induction and static fields 
are normally thought of as "stored energy" fields, as differentiated from 
the far-field where a time average power flow from the source occurs and 
there is no appreciable energy storage. It is important to note that energy 
can be coupled from these "stored energy" fields in the reactive near-field 
region. The presence of a foreign body such as probe antenna or a person 
can result in a coupling to these fields. The principal methods of taking 
energy from these fields involve inductive coupling in the case of the 
induction field and capacitive coupling in the case of the static field. 
Any source or probe antenna has a certain characteristic ability to 
emit and receive energy. In the case of radiated fields, this ability to 
emit or receive energy is quantified by the far-field pattern of the 
antenna, and is usually measured relative to the pattern of some "standard" 
antenna such as an isotropic source. However, any given probe or source 
antenna also has a certain characteristic ability to store energy in 
the reactive fields, which is usually neither known nor specified. 
The complete field pattern of an antenna is made up of the far-
field, induction, and static fields. The relative contribution of each 
of these to the complete field pattern is dependent on source-to-probe 
separation distance. In the radiation far-field region the field pattern 
is essentially independent of the induction and static fields since the 
contributions of these to measured field strength is inversely propor-
tional to higher powers of separation distance and hence, negligible. 
However, to some extent in the radiation near-field region and to a 
much greater extent in the reactive near-field region, the field 
pattern of the antenna is highly dependent on induction and static 
fields. In these regions the field pattern of the antenna becomes a 
complex function of the source-to-probe separation distance azimuth 
orientation, and the source and probe configurations of antennas. 
Interpretations of measurements made in the radiation and reactive near-
field regions using probe antennas designed and calibrated for far-
field power density measurements involve considerable speculation. 
*
The term static conventionally is used to identify this field because 
the variation of the amplitude of the field with range is the same as 
that of the classical static electric dipole. 
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5. Low Frequency Absorbing Material  
The successful measurement techniques for use in shielded enclo-
sures require the use of some absorbing material except at very low fre-
quencies. The requirement extends to sufficiently low frequencies that 
the absorbing materials become extremely bulky and/or expensive. In an 
attempt to satisfy the absorption requirements without the attendant 
space and cost disadvantages, a limited study was conducted to investigate 
techniques for obtaining compact, inexpensive, low frequency absorbing 
materials. 
Conventional absorbing materials are generally prepared by suspending 
a lossy material, such as carbon black, in a binder which is transparent 
to RF energy. Styrofoam, sponge rubber or other similar materials are 
usually used as a binder. The absorbing material then acts as a contin-
uously distributed transmission medium whose propagation constant has an 
appreciable real part. The characteristic impedance of this medium is 
not equal to that of free space and some form of impedance matching must 
be used if reflections at the absorbing material - air interface are to 
be avoided. The required impedance match is normally provided by shaping 
the material in the form of a pyramid whose base is placed flat against 
the anechoic chamber surface. The incoming RF wave then strikes the 
point of the pyramid, and sees a gradual tapering off of the terminating 
impedance from air to that of the absorbing material. The effectiveness 
of this type of impedance transformer diminishes rapidly when the length 
of the transformer is less than the wavelength of the incident RF energy. 
For this reason, absorbing materials which are effective at frequencies 
below 400-500 MHz are generally quite large and unwieldly. 
It is apparent then that the construction of effective low frequency 
absorbing materials of reasonable dimensions requires some different 
means for providing the required termination of the incident RF wave 
at the chamber walls. 
One approach to the solution of this problem is to construct a 
lumped constant approximation to the distributed absorbing material. 
The most direct application of this idea is to replace the absorbing 
material with a lumped constant resistive termination such as might 
be constructed with small carbon resistors. If the resistor network 
is selected to present a good match to the incident wave, no impedance 
transformer is required and the necessity of providing a long tapered 
matching section is avoided. Nevertheless, some coupling structure 
is still necessary to provide a means of coupling the terminating re-
sistor structure to the incident RF wave. For linearly polarized 
waves, a short parallel plate transmission line oriented so that the 
electric field of the incident wave is normal to the planes of the 
plates can furnish the necessary coupling structure. In general, the 
spacing of the parallel plate transmission line should be small with 
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respect to a wavelength to minimize re-radiation of the RF energy by the 
terminating resistor network. The absorbing material then could be 
thought of as being constructed of a large number of cells, with each 
cell composed of a small parallel plate transmission line of appro-
priate width to obtain a 377 ohm characteristic impedance and ter-
minated in a 377 ohm resistor. Construction is illustrated in the 
sketch of Figure 72. 
To construct a large piece of absorbing material, the cells would 
be placed side-by-side in the horizontal direction so that the plates 
of the cells form two continuous sheets. The material can then be ex-
tended in the vertical direction by stacking more plates vertically. 
The resulting appearance of the structure is shown in the sketch of 
Figure 73. 
A piece of absorbing material was constructed using the procedure 
illustrated in Figure 73. The material was made 24 inches high by 12 
inches deep by about 55 inches long. Single 390 ohm resistors were 
used to terminate each 2i inch section. Reflectivity measurements 
were made on the material by mounting a flat reflecting plate against 
the back of the material parallel to the plane of the terminating 
resistors. Reflectivity measurements were made looking directly at 
the reflector plate and looking at the "BACK" of the reflector plate 
through the absorbing material. The result of this test is shown by 
the curve of Figure 74. 
The general lack of absorption shown in this curve was attributed 
to possible fringing of the field at the edges of the material and to 
the possible interaction effect of the reflector on the field set up 
by the resistor currents. The configuration of the material was 
changed to make the material 12 inches high and 21 inches deep. The 
390 ohm resistors were placed 24 inches apart along the 12 inch dimen-
sion of the material to approximate a 377 ohm per square condition. 
Results of the tests of this material with the reflecting plate 
at two different spacings behind the resistors is shown in Figure 75. 
The material is shown in Figure 76. The better absorption generally 
achieved with this material indicates that fringing or edge effects 
play a significant role in the characteristics of this type of absorber. 
Comparison of the two curves of Figure 75 indicates that the spacing 
between the resistors and metal plate also influence the absorbing 
characteristics. 
Comparison of Figure 74 with 75 indicates that by reducing the 
edge effects, significantly better absorption is achieved at lower 
frequencies. Larger spacings between the terminating resistors and 
the metal backing plate also is seen (Figure 75) to enhance the 
absorbing characteristics at lower frequencies. These two results 
suggest the possibility of further improvement in reducing edge 
effects and resistor field effects to provide performance comparable 
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Figure 74. Absorbing Characteristics of Parallel Plate Absorbing 
Material 2-3/4 Inches High by 12 Inches Deep. 
Figure 75. Absorbing Characteristics of Parallel Plate Absorbing 




Figure 76. Two Views of Parallel Plate Absorbing Material 12 Inches 
High by 2-3/4' Inches Deep. 
In summary, the curves of Figure 75 indicate that significant 
absorption was obtained for the parallel plane material over certain 
frequency ranges, and that further investigations of this technique 
should be considered. 
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II. CONCLUSIONS AND RECOMMENDATIONS 
The results from an investigation of radiated measurements over the 
frequency range from 200 kHz to 20 MHz revealed that essentially the same 
results are obtained in shielded enclosures and the open-field over this 
frequency range. This investigation was not extended below 200 kHz to 14 
kHz due to lack of sensitivity. The lack of sensitivity was due primarily 
to the poor efficiency of the low frequency probe antennas. It appears 
safe to assume however, that the enclosure and open-field results would 
be the same over the 14 kHz to 200 kHz frequency range. Even though there 
is correlation between measurement results obtained in shielded enclosures 
and the open-field over this frequency range, there are two areas which 
appear to need additional investigation. There is a critical need for more 
efficient, balanced probe antennas for use over this frequency range. It 
is recommended that the broadband matching technique utilizing a synthesized 
filter network be investigated as an approach to realizing improved low 
frequency probe antennas. The other area of concern is due to the fact 
that at low frequencies the measurements are made in the near-field of the 
radiating source. Considering that the near-field distribution is so com-
plex that only the distribution of the most elementary antennas are known 
and that the distribution is extremely sensitive to both range and azimuth 
with respect to the radiating source, there is considerable question as 
to whether a valid interference judgement can be made on the basis of the 
measurement results. It is suggested that considerably more study of the 
near-field characteristics of complex radiating sources is necessary be-
fore the value of these near-field measurement results can be established. 
This study has established the fact that coupling nulls can exist in 
shielded enclosures well below the lowest resonant frequency of the enclo-
sure (or at frequencies where the dimensions of the enclosure are extremely 
small relative to a wavelength). The results from extensive experimental 
measurements supported a theory that these coupling nulls result from near-
field coupling between the radiating source and the enclosure walls and 
between the enclosure walls and the probe antenna. The experimental mea-
surements were made utilizing two bow-tie antennas, one representing the 
radiating source and the other representing the probe antenna. The bow-
tie antenna is a reasonably good representation of the biconical probe 
antenna (which is the probe which would normally be used over the fre-
quency range of interest, 20 to 100 MHz). In all probability the bi-
conical antenna would exhibit more near-field coupling to the enclosure 
walls due to its larger size. The question of how realistically the 
bow-tie antenna represents the case of a typical unit under test is open 
to considerable conjecture. It could be argued that an equipment case 
could be represented by a group of randomly oriented dipole antennas. 
With this concept, it would not be expected that the radially polarized 
component of the near-field of the case would approach the magnitude of 
this component off the end of the bow-tie antenna. On the other hand, 
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it could be argued that the case could be quite large and in close 
proximity to the enclosure walls so that the near-field coupling between 
case and walls is greater than with the bow-tie antenna. Considering 
the extreme latitudes in configuration and size of all possible cases 
to be tested, it was concluded that the bow-tie antenna is a reasonable 
representation of a typical equipment case. However, the exact location 
of the coupling nulls in the shielded enclosure is a complex function of 
both the ratio of the near-field component to the radiated component 
and the near-field coupling between the case and the enclosure walls. 
Hence the null locations are influenced by both the configuration and 
the size of the case of the equipment under test. 
This study has established that the coupling nulls in shielded enclo-
sures over the frequency range from 20 MHz to the lowest resonant fre-
quency of the enclosure are due to near-field coupling via the enclosure 
walls. The fact that the cause of these low-frequency coupling nulls 
was significantly different than the normal or multipath coupling mech-
anism requires that alternate approaches be considered in the develop-
ment of techniques for eliminating the coupling nulls. The results from 
very preliminary studies of two techniques, a low-frequency antenna hood 
and baffle plates, were encouraging, but considerably more study would 
be required to develop these techniques to the point that they could be 
utilized in measurement procedures with confidence. Antenna configura-
tions exhibiting inherently low radial field characteristics should also 
be investigated for possible application as measurement probes in this 
frequency range. 
In the frequency range from the lowest resonant frequency of the 
shielded enclosure to approximately 200 MHz, coupling variations occur 
both as a result of near-field coupling to the enclosure walls and as a 
result of multipath reflections from the enclosure walls. Hence, a 
satisfactory measurement technique for this frequency range must be 
capable of eliminating both of these undesired coupling modes. 
For rectangular enclosures, the lowest resonant frequency can be 
determined by the expression 
11 	1 





where w, h, and i are the width, height and length of the enclosure in 
meters. Thus the lowest resonant frequency of a 20' x 20' x 12' enclo-
sure would be approximately 54 MHz and that of a 8' x 8' x 8' enclosure 
would be approximately 107 MHz. 
The results from this program indicate that reliable radiated mea-
surements, which can be correlated with open-field measurements, can be 
made in shielded enclosures over the frequency range from 200 MHz to 
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12 GHz by means of the hooded antenna technique and the use of a limited 
amount of absorbing material on the enclosure walls. 
The requirement for a limited amount of absorbing material on the 
enclosure walls down to the lowest resonant frequency of the enclosure 
led to an investigation of techniques for obtaining compact, inexpensive, 
low-frequency absorbing materials. The results from a preliminary study 
of a lumped constant absorbing material consisting of short sections of 
parallel-plate transmission lines terminated with resistors were encouraging. 
The major difficulty was the fact that the absorption was obtained over 
limited frequency ranges. The difficulty could very well have been due 
to resonances in the resistor terminations due to the relatively long 
lead lengths required for these components. It is recommended that 
further investigation of this technique be performed utilizing distributed 
resistive terminations. This approach would eliminate any leads and 
associated resonances from the absorption characteristics. 
To make it possible to perform valid radiated measurements in shielded 
enclosures over the entire 14 kHz to 12 GHz frequency range, it appears 
the following tasks remain to be accomplished: 
(1) A theoretical and experimental study of the near-field charac-
teristics of equipment cases to better define the parameters 
necessary to determine the interference characteristics at 
low frequencies. 
(2) The development of more efficient, balanced probe antennas 
for use in the 14 kHz to 20 MHz frequency range. 
(3) The development of a satisfactory measurement technique for 
the 20 to 200 MHz frequency range. 
(4) The development of a compact, economical, low-frequency 
absorbing material. 
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